The influence of alcohol additives on etch rate anisotropy of Si(hkl) planes has been studied. The etching processes were carried out in 3 and 5 M KOH aqueous solutions saturated and non-saturated with alcohols. Isopropanol, 1-propanol and tert-butanol were examined. It has been showed that the etching process cannot be controlled only by the surface tension of the solution. Saturation of the etching solution with alcohols modifies etch rate anisotropy, lowering the ratio of the etch rate of (110) and vicinal planes to the etch rate of (100) plane. The morphology of Si(hkl) planes etched in 3 M KOH solution saturated with tert-butyl alcohol has been studied in detail. Smooth (331) and (221) planes have been achieved in this solution. The (100) plane turned out to be densely covered by hillocks, opposite to the (100) plane etched in weak-alkaline solution saturated with isopropanol. To explain this phenomenon, the mechanism of hillocks formation on Si(100) surface has been proposed.
Introduction
Anisotropic wet chemical etching of silicon is a common method for manufacturing three-dimensional MEMS structures (MEMS are electromechanical systems with micrometric dimensions). The technology is relatively simple, because it requires just a silicon substrate, a masking pattern on it and an etching solution (typically KOH or TMAH). Currently, the new etching solutions are not researched and the influence of additives applied to the etching solution is investigated. Addition of surface ac- * E-mail: krzysztof.rola@pwr.wroc.pl tive agents (surfactants) to the etching solution lowers its surface tension, modifying etch rate anisotropy and morphology of the silicon surface. Surface active agents (e.g. alcohols) are compounds containing hydrophobic tail (e.g. hydrocarbon chain) and hydrophilic group (e.g. hydroxyl group). The addition of isopropyl alcohol (also named isopropanol, 2-propanol, IPA) to the etching solution at the saturation level has often been used for smoothening the etched Si(100) surface and preventing convex corners underetching.
Micromirrors are one of possible applications of etched structures. Micromirror sidewalls of the structures can be used for changing the direction of light beam propagation [1] . Depending on the crystallographic orientation of the substrate and the composition of the etching solution, different angles of sidewalls inclinations can be obtained. The additives to the etching solution should be selected in order to achieve smooth sidewall planes inclined at a required angle towards the substrate. In the Si(100) substrate etched in the KOH solution with isopropanol, the sidewalls can be formed by (110) and vicinal planes. Some of them are rough after etching in this solution though [2] . Therefore, to acquire smooth (hkl) planes which can form the sidewalls, other additives to the etching solution ought to be researched. In the last decade several alcohols have been studied in terms of their impact on the etching parameters [3] .
At present using non-standard Si(hkl) substrates provides new opportunities of shaping spatial microstructures in silicon. However, the impact which alcohols have on various (hkl) planes morphology and etch rate is different. To be able to control the process by surface active agents addition, it is necessary to understand the mechanism of additives interaction with silicon (hkl) surface during anisotropic wet chemical etching. Usually the effect of additives on etching results is assigned to anisotropic adsorption of their molecules on (hkl) oriented silicon surfaces [4] [5] [6] . In this model, surface active agent molecules form a layer on silicon surface, blocking access of etchant, what results in reduction of etch rate and change of the surface morphology. Nevertheless, it is still unknown why surface active agents influence various (hkl) planes differently.
Experiments

Influence of surface tension on silicon etch rate anisotropy
As it was mentioned in the introduction, addition of alcohols to the etching solution lowers its surface tension. The influence of surface tension of aqueous KOH solution non-saturated with IPA on silicon etch rate anisotropy has been lately investigated [5] . In this paper the research has been extended to other alcohols such as 1-propanol (1-propyl alcohol) and tert-butanol (tert-butyl alcohol). The sizes of molecules of the three compounds examined (presented in Fig. 1 ) as well as the distances between silicon surface atoms are similar (several tenths of nanometer). Therefore, it seems to be reasonable to analyze alcohols adsorption on silicon surface at atomic scale.
The research concerned 3 and 5 M aqueous KOH solutions non-saturated and saturated with alcohols. The surface tension of the solutions was measured for different concentrations of surface active agents by du Noüy ring method. Fig. 2 shows an alcohol concentration dependence of the various solutions surface tension. The increase in the additive concentration in the aqueous KOH solution causes gradual reduction of the surface tension until it reaches the saturation level. While lowering the solution surface tension, more and more alcohol molecules gather at the solution-air interface. Similar adsorption of surface active agent molecules is presumed to occur at the solid-solution interface [5] . To find out how the surface tension of the etching solution affects etch rate anisotropy and roughness of the silicon surface, the etching processes in various solutions with constant surface tension (30 mN/m) were carried out. This relatively low value of the surface tension is related to a high concentration of alcohol molecules in the etching solution, but still at the non-saturation level. Although alcohols probably do not form micelles as large surfactants do, they are believed to make an adsorbed monolayer on the silicon surface if their concentration in the solution is high enough. To understand how saturation of the solution influences the etching results, the etching processes were also performed in KOH solutions saturated with alcohols. Fig. 3a shows etch rate results of differently oriented silicon wafers etched in the KOH solutions non-saturated with alcohols. In spite of the same surface tension (30 mN/m), the etch rate of each (hkl) plane varies in the investigated solutions. This indicates that the etch rate depends more on concentrations of KOH and additives in the solution as well as the type of the additive than on the surface tension of the solution. Consequently, the etching process cannot be controlled only by the surface tension of the solution. Saturation of the etching solutions modifies etch rate anisotropy (Fig. 3b) , which suggests that the increase of number of surface active agent molecules in the solution affects etchant behaviour until the maximum concentration. The ratio of etch rates of (110), (331) and (221) planes to etch rate of (100) plane has been assessed (Fig. 4) . In pure aqueous KOH solutions, the etch rate of (110) and vicinal planes is higher than the one of (100) plane. Addition of alcohols to the etching solution changes this relation, lowering considerably the etch rate of (110), (331) and (221) planes, which results in modification of the shape of etched structures, including reduction of convex corners underetching and change of the sidewalls inclination.
Comparison of the results obtained in non-saturated and saturated solutions shows that the lower V ( ) /V (100) ratio is generally in the latter ones. The lowest ratio has been achieved in 3 M KOH solution saturated with tert-butanol. Therefore, the morphology of (hkl) planes etched in this solution has been investigated in the next chapter.
Morphology of Si(hkl) planes etched in the solution saturated with tert-butanol
The smoothness of (100), (311), (331), (221), (110) oriented silicon wafers etched in the 3 M KOH solution saturated with tert-butanol has been studied. The morphology of various Si(hkl) planes etched in weak-alkaline solutions containing tert-butanol has not been researched further in the literature until now. The smoothness of (110) and (331) surfaces (which seem to be smooth in the images from an optical microscope) has been evaluated by atomic force microscope (AFM). The results presented in Fig. 5a, 5c show the relatively high roughness of (110) plane (several tenths of micrometer) and comparatively low roughness of (331) plane (about 20 nm). These images are set together with the images of the planes etched in 3 M KOH saturated with IPA in Fig. 5b, 5d . The comparison of roughness of the wafers etched in the both solutions indicates similar impact of isopropanol and tert-butanol on the morphology of (110) and (331) surfaces.
The morphology of (221) plane etched in KOH solution with the alcohols has not been studied in detail so far in the literature. Fig. 6 presents SEM image of V -grooves etched in Si(100) in 3 M KOH solution saturated with tert-butanol. The sidewalls of this structure are represented by smooth (221) facets, which are inclined to the (100) substrate at an angle of 48.2°. SEM images of (100) and (311) oriented wafers etched in 3 M KOH solution saturated with tert-butanol are shown in Fig. 7 . Both planes are covered by pyramidal structures (called hillocks) bounded by the slowest etched (111) sidewall planes. Although hillocks also exist on (311) plane etched in weak-alkaline KOH solution saturated with isopropyl alcohol, their density on (100) surface etched in this solution is very low [4, 6] . This suggests that there must be different mechanisms of interaction between alcohol molecules and Si(100) surface during anisotropic wet etching in the case of isopropanol and tert-butanol. 
Model of hillocks formation on Si(100) oriented surface etched in weak-alkaline solution saturated with tert-butanol
Hillocks appearing on (100) oriented silicon surface during anisotropic etching in alkaline solutions are often assigned to hydrogen bubbles which mask the surface from the etching solution [7, 8] . However Nijdam et al. claimed that pseudomasking by hydrogen bubbles is not probable due to their instability [9] . They and other authors suggest that the formation of hillocks could be caused by masking of silicon surface by silicate particles, which are the products of silicon etching [9, 10] .
Addition of isopropyl alcohol to the weak-alkaline etching solution considerably decreases in some way the number of hillocks on Si(100) substrate. The presence of individual hillocks on (100) plane may be caused by isopropanol molecules which succeeded to adsorb on the surface and, in consequence, temporarily mask the surface from the etchant [5] . Similarly, tert-butanol molecules may perform as temporary etching masks. The significantly bigger number of pyramidal structures on the (100) oriented wafer etched in weak-alkaline KOH solution saturated with tert-Butyl alcohol could be attributed to stronger adsorption of the tert-butanol molecules than the ones of IPA.
When alcohol molecules adsorb on silicon surface during the etching in alkaline solution, the intermolecular bonding between alcohol molecules and silicon surface occurs. Surface bonds of silicon are mostly H-terminated while etching in KOH solution, what makes the surface hydrophobic. Therefore, a hydrophobic hydrocarbon chain of alcohol is directed towards the hydrophobic silicon surface and its hydrophilic hydroxyl group is directed into the etching solution (containing H 2 O molecules and OH − ions). The intermolecular attractions between hydrocarbon atoms and silicon surface are Van der Waals forces between carbon atoms of alcohol and surface atoms of silicon [7] . C-H group and H-terminated Si surface are both practically non-polar, so dispersion forces make the main contribution to the Van der Waals attractions [11, 12] .
In case of isopropyl alcohol whose molecules are adsorbed on the silicon surface, the intermolecular bonding is formed primarily between two carbon atoms of the alcohol which are the nearest to the surface and a few silicon surface atoms (Fig. 8a) . However, when the tert-butanol molecules form a layer on the surface, three carbon atoms of the alcohol participate equally in the bonding (Fig. 8b) . This makes the bonding stronger, what results in easier adsorption as well as more difficult desorption from the surface. Therefore, tert-butanol molecules are more prone to adsorb and mask the surface from the etchant than ones of isopropanol. The simplified mechanism of hillocks formation on Si(100) surface etched in weak-alkaline solution saturated with tert-butanol is presented in Fig. 9 .
The stronger adsorption of tert-butanol molecules can be partly confirmed by a lower surface tension of it (19.56 mN/m) than the one of IPA (21.7 mN/m). When the surface tension of the solution is decreased, the hy- drophobic surface becomes more wettable by the solution. Nevertheless, the presented model has to be verified by characterization methods such as ellipsometry, contact angle measurements and FTIR spectroscopy. The hypothesis might be also proved by polarizable force field and molecular dynamics simulations. This will be the subject of the further research.
Conclusions
The influence of alcohol additives (1-propanol, isopropanol, tert-butanol) on silicon etch rate anisotropy has been studied in this paper. It has been shown that the surface tension of etching solution is not a sufficient parameter to control the etching process. The etch rate depends more on factors such as concentration of the solution and a type of the additive. Saturation of the solution with the alcohol causes modification of etch rate anisotropy, reducing the ratio of the etch rates of (110) and vicinal planes to the etch rate of (100) plane. The lowest ratio occurs in 3 M KOH solution saturated with tert-butanol, which results in the most significant reduction of underetching of convex corners [3] . The morphology of Si(hkl) surfaces etched in weak-alkaline solution saturated with tert-butanol has been investigated in detail. In contrast to isopropanol, the impact which tert-butyl alcohol has on the smoothness of various (hkl) planes has not been investigated extensively so far. The (110) and vicinal planes are relatively smooth after etching in 3 M KOH solution saturated with tert-butanol. AFM and SEM images indicate low roughness of (331) and (221) planes. The (100) surface is densely covered by hillocks, contrary to (100) oriented wafers etched in weak-alkaline solution saturated with IPA. Therefore, the mechanism of tert-butanol molecules interaction with Si(100) surface during anisotropic wet etching has been proposed. It is suggested that tert-butanol molecules mask the silicon surface from the etchant, which leads to hillocks formation. This model has to be proved by further investigation.
